Recent in vivo studies have revealed that the subgenomic promoter (sgp) in brome mosaic bromovirus (BMV) RNA3 supports frequent homologous recombination events (R. Wierzchoslawski, A. Dzianott, and J. Bujarski, J. Virol. 78: [8552][8553][8554][8555][8556][8557][8558][8559][8560][8561][8562][8563][8564] 2004). In this paper, we describe an sgp-driven in vitro system that supports efficient RNA3 crossovers. A 1:1 mixture of two (؊)-sense RNA3 templates was copied with either a BMV replicase (RdRp) preparation or recombinant BMV protein 2a. The BMV replicase enzyme supported a lower recombination frequency than 2a, demonstrating a role of other viral and/or host factors. The described in vitro system will allow us to study the mechanism of homologous RNA recombination.
RNA recombination is one of the fundamental aspects of the life cycle and evolution of RNA viruses and contributes significantly to a high level of variation in viral RNAs, as demonstrated by sequencing of virus populations (6, 7, 32, 34, 45, 50, 58) and with experimental in vivo systems for animal viruses (19, 31, 44, 51, 54) , plant viruses (1, 2, 12, 15, 25, 35, 41, 53, 55, 59) , bacteriophages (38) , and retroviruses (40) . In vitro recombination assays (reviewed in reference 21) revealed either a nonreplicative (breakage-religation) (22) or replicative (template switch) (3, 28, 30, 36) mechanism of crossover. During the template switch, a premature dissociation of the replicating enzyme from the donor RNA molecule is evidently facilitated by double-stranded structures (9, 10, 30, 43, 51) , homopolymeric tracts (11) , AU-rich motifs (29) , or subgenomic promoters (23) . The detached replicase then reinitiates synthesis on the acceptor RNA, either de novo, usually in the vicinity of promoters or enhancers (13, 14, 49, 51) , or via priming by the nascent 3Ј end of the newly synthesized RNA (43) .
Brome mosaic bromovirus (BMV) is a tripartite RNA virus with frequent homologous crossovers within the subgenomic promoter (sgp) region of the RNA3 segment (5, 20, 31, 47) . The junctions cluster within the sgp poly(A) tract and the core, plausibly due to replicase detachment during copying of (Ϫ) strands (56, 57) . Mutagenesis of the sgp demonstrated a partial overlap of recombination and transcription activities in vivo (56, 57) , and end-to-end template switching events have been described for BMV RNA-dependent RNA synthesis in vitro (28) . In this paper, we present the first sgp-mediated RNA virus homologous recombination system, where BMV RNA3 crossovers occur by copying with either BMV replicase isolated from virus-infected plants or Escherichia coli-expressed protein 2a, which is a catalytic subunit of the BMV replicase. The recombination frequencies and junction sites varied between the two enzymes, leading to assumptions about the mechanism of crossover.
Plasmid pB3TP7 (27) was used to prepare two similar RW (Ϫ) RNA3 constructs ( Fig. 1 ) by recombinant DNA technology. RW1 (Ϫ) RNA3 carried the (ϩ)-sense 3Ј-noncoding region of BMV RNA3 (nucleotides [nt] 1901 to 2117) fused to the remaining RNA3 sequence of (Ϫ) polarity (nt 1 to 1900), such that after initiation at the (ϩ)-sense 3Ј-terminal promoter, the enzymes copied the (Ϫ) sequence. RW2 (Ϫ) RNA3 carried EcoRI (A-to-G-1169 and T-to-A-1170 substitutions) and XhoI (A-to-C-1322 and G-to-A-1324 substitutions) sgpflanking restriction markers and an insertion (C4/5) between U-1204 and U-1205 of the poly(U) tract (Fig. 1) . The RNA templates were synthesized in vitro by T7 transcription from PvuII-linearized plasmids.
To demonstrate in vitro the RW (Ϫ) RNA3 copying by BMV replicase, a reaction mixture was set up containing 1 g of RW1 (Ϫ) RNA3 or RW2 (Ϫ) RNA3 template (separately or as a 1:1 mixture), 15 l BMV replicase enzyme (extracted as described in reference 18), 50 mM Tris-HCl, pH 8.0, 10 mM MgCl 2 , 8 mM dithiothreitol, 0.6% Triton X-100, 8 U RNasin, 0.4 mCi [␣-32 P]CTP, 0.01 mM CTP, and a 1 mM concentration (each) of GTP, ATP, and UTP (18) . After a 90-min incubation at 30°C, the radioactive RNA products were extracted with phenol-chloroform and resolved in a denaturing agarose gel, followed by autoradiography. Figure 2 (a reproducible gel from two independent experiments) confirms the equal template competencies for copying of both RW (Ϫ) RNA3s (compare lanes 1 through 3). Both the full-length (ϩ)-sense RNA3 product and the short genomic RNA (sgRNA) 3a [prematurely terminated at the poly(U) tract of the (Ϫ) RNA template] (unpublished data) as well as short RNAs were detected. Figure 3 shows the kinetics of the copying reaction for the 1:1 template mixture (see above) containing BMV replicase. Fifteen-microliter aliquots were analyzed electrophoretically after 10, 20, 60, and 90 min of reaction time, as described above, and they demonstrated an increase with time in the copied full-length RNA which was paralleled by increasing quantities of sgRNA 3a, thus confirming the RNA copying activity.
To determine the sgp-supported recombination frequency, the full-length products were excised from the gel and amplified by reverse transcription-PCR (RT-PCR) with oligonucleotides RW-Pst2 (5Ј-AAAACTGCAGCCAAGTCTGTATCC GCGTCATCTGTCG-3Ј), covering (ϩ)-strand RNA3 nt 940 to 962, and RW-RNA3-Pst (5Ј-AAAACTGCAGAACCTTAG CCAAAGTGTCCTAC-3Ј), covering (Ϫ)-strand RNA3 nt 1893 to 1914 (PstI sites are underlined), and the 974-nt cDNA products were cloned into the pUC19 vector and sequenced. The recombination frequency was determined as the percentage of clones with nonparental distributions of markers. The analysis of 123 clones revealed an increased accumulation of recombinants to 3%, 6%, 11%, and 18% of total clones after 10, 20, 60, and 90 min of incubation (see the table in Fig. 3 ). These in vitro data confirmed previous in vivo results on the sgp recombination hot spot (56, 57) . The time-dependent correlation between full-length RNA synthesis and the number of recombinants suggested successful reinitiation on the new RNA template. The progressive accumulation of recombinant RNAs likely reflects copying and further recombining of previous recombinants. However, the effects on replicase detachment with increased pyrophosphate by-products or depletion of nucleotide substrates cannot be excluded. The possibility that the polymerase ternary complex vacates the original template during recombination could be confirmed by using heparin, which efficiently inhibits unbound polymerase (48) .
A control RT-PCR with RW1 and RW2 (Ϫ)-strand RNA3 templates (1:1) and with primers RW-Pst2 and RW-RNA3-Pst did not give recombinant cDNA clones (not shown). Similar results were obtained with RT-PCR on a mixture of both RW1 (Ϫ) and RW2 (Ϫ) RNA3s and their (ϩ) RNA counterparts; such a mixture mimicked the RNA-dependent RNA polymerase (RdRp)-induced products (not shown). These results reduced the possibility of false recombinants generated by RT-PCR. Also, different ratios between parental and recombinant RNAs and different poly(A) length profiles for BMV replicase and the 2a protein (Table 1) 2 mM phenylmethylsulfonyl fluoride, 1 mM EDTA, 120 M EGTA, 2 mM CaCl 2 , 120 mg DNase I, 500 mg lysozyme, 0.035% ␤-mercaptoethanol, 10% glycerol, 0.1% IG-PAL), the lysate was incubated for 30 min at 4°C and ultracentrifuged for 1 h at 90,000 ϫ g, and the supernatant was passed through a column (Poly-Prep chromatography column; Bio-Rad) with 0.7 ml of BD Talon resin (BD Biosciences). The column was washed four times by centrifugation with 1 ml of washing buffer (50 mM Na 3 PO 4 , 0.3 M NaCl, 10 mM imidazole, pH 7.0), and the protein was eluted with 0.5 ml of 50 mM Na 3 PO 4 , 0.3 M NaCl, and 170 mM imidazole directly into 50% glycerol and dialyzed overnight at 4°C against a storage buffer (50 mM Tris, pH 8.2, 50 mM KCl, 50 mM MgCl 2 , 2 mM dithiothreitol, 0.75% Triton X-100, and 50% glycerol).
The 2a copying reaction mixture included the same ingredients as the mixture for BMV replicase (see above) plus 1 g of an additional in vitro-transcribed RNA complementary to the 3Ј-terminal 150 nt of RW1 (Ϫ) RNA3 or RW2 (Ϫ) RNA3. The latter served to prime the 2a copying reaction; unlike BMV replicase, 2a was found to be incapable of de novo initiation from the 3Ј replication promoter. The reaction mixture was incubated under the same conditions as those described above, and the products were amplified, cloned, and sequenced exactly as described for reactions with BMV replicase. This yielded a 36% recombination frequency after 90 min of incubation (reproduced in two separate experiments). Six clones represented the type 1 recombinant RNA3 (Fig. 1) , whereas seven clones were of the reciprocal type 2, demonstrating a (Table 1) . Also, both parental (substrate) RNAs were represented at comparable frequencies [three clones of RW1 (Ϫ) RNA3 versus two clones of RW2 (Ϫ) RNA3]. The junction sites were distributed within the sgp poly(A) tract and the core regions (nine clones) (Fig. 1 , region II) as well as within the enhancer sequences (four clones in region I), demonstrating a lack of a clear preference for crossover sites. In contrast to protein 2a, but consistent with previous in vivo results (56, 57) , BMV replicase generated crossovers at a lower frequency, but site specifically, within region II (Table 1) , supporting the suggested participation of the poly(A)/core modules in homologous recombination (56, 57) . The 2a-generated RNA products displayed greater variation in the poly(A) length (standard deviation, 2.0 nt and 1.8 nt for recombinant and nonrecombinant clones, respectively) than the products of BMV replicase (standard deviation, 0.43 and 0.25 nt, respectively). The lower copying fidelity displayed by 2a could be attributed to enzyme slippage, as demonstrated for other replicases (4, 24, 33, 60) . Inefficient RNA crossovers during in vitro RNA synthesis have been demonstrated previously with flaviviral RdRps and with the poliovirus RdRp (in a cell-free system with a HeLa S10 cytoplasmic extract) (17, 42) , whereas this work describes the first in vitro system for studying homologous crossovers within the sgp region and compares the frequencies of crossover from the replicase and from its recombinant RdRp component. The observed high frequencies of recombination crossovers could reflect an absence of fitness selection that eliminates less fit recombinants but also the mechanism at the sgp region. The detachment of the enzyme complex could occur at sgp, especially via destabilization (slippage) on the poly(U) tract, followed by reattachment to new templates (the likely absence of RNA ligases in both enzyme preparations does not suggest a breakage-religation mechanism). For 2a alone, the detachment could be easier, as possibly reflected by the increased recombination frequency (Table 1) . Further work is required to elucidate the mechanistic aspects of the template switch.
The elevated recombination activity by 2a (36%) vis-à-vis the BMV replicase preparation (18%) and the increased length variability among product poly(A) tracts (Table 1) are likely due to the absence of BMV protein 1a and/or accessory host factors rather than because of differences between recombinant and natural 2a proteins. The expressed 2a carried an additional N-terminal six-His tag, but it has been demonstrated that the N-terminal 150 amino acids are dispensable for 2a copying activity (46) . Several host factors affecting BMV replication and recombination have been identified in Saccharomyces cerevisiae (26, 37, 39, 52) . In this case, the accessory proteins may control the distribution of junction sites.
In contrast to the in vitro results, the recombination frequencies in natural BMV infections are low (between 20 and 25%) (56, 57) , which suggests a plateau (possibly controlled by accessory proteins) that prevents reduction of the pool of bestfit genomes (8, 16) . The kinetics of recombinant formation in vivo is poorly understood. The even distribution of substrate and recombinant genotypes speaks against the generation of recombinants at a high frequency with subsequent elimination of less-fit variants. In summary, we have developed an in vitro system for studying the mechanism of template switches within the subgenomic promoter region.
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